The XMM Cluster Survey (XCS) is predicted to detect thousands of clusters observed serendipitously in XMM-Newton pointings. We investigate automating optical follow-up of XCS cluster candidates using the Sloan Digital Sky Survey (SDSS) public archive, concentrating on 42 XMM observations that overlap the First Data Release of the SDSS. Confining ourselves to the inner 11 arcminutes of the XMM field-of-view gives 637 unique X-ray sources across a 3.09 deg 2 region with SDSS coverage. The logN -logS relation indicates survey completeness to a flux limit of around 1 × 10 −14 erg s −1 cm −2 (in the 0.5-2.0 keV band).
INTRODUCTION
The number density of galaxy clusters has the potential to provide important tests of the cosmological model (e.g. Evrard 1989; Henry & Arnaud 1991; Oukbir & Blanchard 1992; White, Efstathiou & Frenk 1993; Eke, Cole & Frenk 1996; Viana & Liddle 1996 , 1999 Henry 1997; Eke et al. 1998) . We describe here an ongoing effort to construct a new catalogue of clusters for cosmological studies, using X-ray data available in the XMM-Newton archive. This effort, known as the XMM Cluster Survey (XCS), has been described previously by Romer et al. (2001) . By the end of the XMM mission, XCS is expected to include thousands of clusters of galaxies out to redshifts well beyond one. Optical follow-up of cluster candidates is one of the key challenges facing both X-ray and SunyaevZel'dovich (e.g. Carlstrom, Holder & Reese 2002) surveys for distant clusters. In the past this was achieved using dedicated followup programmes that took many years to complete (e.g. Romer et al. 2000; Perlman et al. 2002; Mullis et al. 2003; Gioia et al. 2003) . However, with the recent emergence of the "Virtual Observatory" (Szalay & Gray 2001) and datasets such as the Sloan Digital Sky Survey (SDSS; York et al. 2000) , it should be possible to reduce the time spent on optical follow-up work. A first application of this to X-ray cluster surveys has been made by Schuecker, Böhringer & Voges (2004) using SDSS and ROSAT All Sky Survey (RASS) data.
This paper presents preliminary results from the matching of SDSS data with the XCS. In Section 2, we discuss the XMM data and outline our methods for analyzing it and determining the extent of X-ray sources. Section 3 describes the SDSS data we use for optical identifications; we use this to discuss positional accuracy of the source matching, associations with overdensities of optical galaxies, and photometric redshifting. In Section 4, we analyze the properties both of matched sources and of cluster candidates detected only in one of the wavebands. Throughout this paper, we assume a concordance flat cosmology (Ωm = 0.3, ΩΛ = 0.7, h = 0.75) with a cosmological constant. Fluxes are given in the (0.5-2.0) keV band unless otherwise stated.
X-RAY DATA ANALYSIS
The XCS will process all EPIC imaging data available in the XMM archive. As of April 2003, 766 XMM pointings had been reduced using the XCS pipeline -see Figure 1 . For this paper however, we restrict ourselves to 42 XMM pointings that lie within the SDSS first data release (DR1) spectroscopic area (Abazajian et al. 2003, henceforth A03) . The SDSS DR1 comprises 2099 square degrees of five-band (u, g, r, i, z) imaging data, and 186,240 spectra of galaxies, quasars, stars selected over 1360 square degrees of the imaging area. In Table 1 , we present the observation identification number (column 1) and coordinate (column 2) of each pointing, together with the designated target name and classification (column 3). Where available, we list in column 4 the target redshift according to the NED database.
1 We list the number of sources detected (Section 2.2) within an off-axis distance θ < 11 arcminutes in column 5. For pointings with only partial SDSS coverage (indicated in column 8), we also give the number of θ <11 arcminutes sources with SDSS overlap in parentheses; there are 50 sources detected in one or more of the pointings that do not overlap with the SDSS DR1. The maximum exposure time in seconds, after flare rejection 1 http://nedwww.ipac.caltech.edu/ (Section 2.1), is given in column 6. The number of square XMM image pixels (5.1 arcseconds on a side) used to calculate the area of the survey for the logN -logS relation is given in column 7. Pointings with 52, 000 active pixels in Table 1 (18 of the 42 pointings) correspond to Full Frame Mode pointings with almost complete XMM/SDSS DR1 overlap and where no masking of the XMM field-of-view was necessary.
XMM data reduction and flare cleaning
The raw XMM photon data was obtained from the data archive at XMM-Newton Science Operations Centre 2 and reduced with the February 2003 version of the XCS pipeline. This pipeline uses the XMM Science Analysis System (SASv5.4.1) and a single set of Current Calibration Files (CCF) for mission specific data processing. In the February 2003 version, only the data from the EMOS1 camera were used (subsequent versions generate merged images from the EMOS1, EMOS2 and EPN cameras). A data summary file is generated and, via the Observation Data Files (ODF) access layer, the completeness of each set is checked. The event linearization for each imaging mode is processed using SAS tools emproc and epproc for EMOS and EPN cameras respectively.
The resulting event lists were checked for temporal filtering to clean up the high-energy (> 10 keV) flaring periods due to solar protons, see below. A detailed study of the XMM background can be found in Lumb et al. (2002) and Read & Ponman (2003) . The flare cleaning method we used is similar to that suggested by Marty et al. (2003) and involves an iterative 3σ clipping. An example of this method can be seen in Figure 2 . For each event list, we filtered the sets with (PATTERN<=12). All sets were also filtered for energy range 10keV PI 15keV and the light curves were generated with 100 sec binning (where PI is "pulse height invariant channel"). The mean and standard deviation were calculated in the counts per bin, and successive 3σ cuts of the high-count periods were applied until the change in the mean was negligible. Good time intervals were generated using the last mean and the standard deviation with a last 3σ cut and used in filtering of the previously-prepared raw set with the aforementioned pattern selection and (FLAG == 0). Although this method of cleaning does not give a perfect filtering for all sets, it can be automated to clean thousands of pointings at once, as required for the XCS. Considering the varying quiescent mean in the high-energy background (Pratt & Arnaud 2002; Lumb et al. 2004) , it is superior to defining a fixed cut for filtering.
After flare cleaning, the products used for source detection were generated: Detector masks, images and exposure maps in two energy bands ([0.5-2 .0] and [2.0-10.0] keV) with 5.1 arcsecond square pixels binning. Exposure maps include spatial quantum efficiency, filter transmission, mirror vignetting, and field-of-view information. The image products were then passed into the source detection algorithm.
Source detection
We identify sources detected in XCS fields using a wavelet-based algorithm. The key advantage of wavelets is the natural separation achieved between small-and large-scale variations in the data, e.g. a large-scale slowly-varying background will be filtered out of the small-scale signal, and therefore will not influence the detection of such sources [see also Vikhlinin et al. (1998) , Romer et al. (2000) and Freeman et al. (2002) ].
For the work presented herein, the source detection proceeded as follows. First, we performed a wavelet transform of the 2D XMM image using theà trous algorithm (e.g. Holschneider et al. 1989; Shensa 1992) to produce, for each spatial scale, a 2D image of wavelet coefficients from which we must remove noise, i.e. determine which coefficients are statistically significant. One complication here is the small-number statistics for the photons in the X-ray background of our images. To accommodate this prob- lem, we have adopted the "wavelet histograms" approach of Starck & Pierre (1998) as implemented in their MR/1 software package, 3 in particular the task mr detect. Briefly, the software first identifies all pixels in a wavelet coefficient image that are above a confidence level, specified by the user, after modelling the low count rate Poisson noise in the images. These significant pixels in each wavelet plane are connected to form the "segmentation image" at that scale. A set of connected wavelet coefficients is known as a structure and structures within different wavelet planes are connected to form objects by way of the interscale relation. A structure S 1 j at scale j is said to be connected to a structure S 2 j+1 at scale j+1 if S 2 j+1 contains the pixel in S 1 j with the maximum wavelet coefficient. In this way objects can be identified in wavelet-transform space and can be divided into sub-units of the main source (i.e. deblended). The objects are then reconstructed iteratively using a 2D Gaussian and the counts associated with each object computed. The local exposure time gives the rate in counts per second. We then use energy conversion factors to obtain the flux, depending on the absorption factor nH and the type of filter used. The fluxes of our sources were calculated with energy conversion factors (ECFs) generated as recommended by Osborne (2003) , using the canned response matrices released on 2003-01-29 and ancillary response files generated for each filter type on the optical axis for the pattern selection specified in Section 2.1. To take the effect of the column density of neutral hydrogen in the direction of each XMM pointing into account, we generated tables of ECFs for a subset of possible nH values. The nH values of the pointings were obtained using one of the FTOOLS, nH, 4 which uses the HI map by Dickey & Lockman (1990) as a basis.
When no cut in off-axis distance is applied, we detect 1121 X-ray sources within the 42 XMM pointings presented in Table 1 . This number includes duplicate detections (in overlapping pointings), the primary (usually on-axis) target of the respective pointing, and regions without SDSS DR1 coverage. We define a duplicate detection to be one that falls with 5 arcseconds of a source detected in a different pointing. Throughout this paper, we concen- trate on those 740 sources that lie within θ = 11 arcminutes of the pointing center, i.e. where the XMM PSF is well-behaved.
In Figure 3 we present the θ < 11 arcminutes logN -logS relation for the 42 pointings in Table 1 . To create this figure, we have removed duplicate detections, primary targets and sources in regions without SDSS DR1 overlap. We determined that there is a unique overlap area of 3.09 deg 2 between the 42 pointings and the SDSS DR1. This area has been corrected for pointing overlaps, partial SDSS cover and any θ < 11 arcminutes regions masked (e.g. due to the presence of an extended target) or missing (e.g. because the observation was carried out in small-window mode) from the XMM field-of-view. We did not correct for the different sensitivities of the individual pointings when constructing the logNlogS relation, but note that the exposure times are similar for most pointings and so this should not be a significant problem. Our logN -logS relation is in excellent agreement with the published XMM logN -logS relation of Baldi et al. (2002) to at least a flux limit of 1 × 10 −14 erg s −1 cm −2 , which indicates that our parent catalogue is complete to this flux limit. Figure 3 demonstrates the quality of the XMM image processing pipeline. We do not make a fit to the logN -logS relation, or attempt to model the incompleteness at fainter flux limits, as we are primarily interested in finding X-ray clusters of galaxies.
Extent classification
The next step is to classify the detected sources as extended or point-like. The XCS will use X-ray extent as the primary means by which to select cluster candidates; assuming no size evolution for clusters with redshift, we expect clusters to be resolved by XMM at any redshift (Romer et al. 2001 ). The challenges here are two-fold. First, the point-spread function (PSF) of XMM varies across the satellite field-of-view; this can be seen in Figure 4 . Secondly, over 80% of all X-ray sources are point sources (AGNs, quasars, stars etc.), and therefore any misclassification of X-ray point sources as extended sources will swamp the underlying cluster population leading to laborious optical follow-up. Therefore, any extended source detection algorithm must address these two issues, as well as being sensitive to true extended sources. The completeness of any extended source catalogue will need to be determined via extensive simulations, as in Adami et al. (2000) and Burke et al. (2003) .
For the work presented herein, we used a preliminary extended source detection algorithm based on the ratios of the wavelet coefficients for each source as calculated at the different wavelet scales. For example, the wavelet coefficients of point-source objects should be relatively higher at the smallest wavelet scales, and smaller at the larger scales; the reverse would be true for an extended source. We use the square of the modulus of the coefficients to provide a measure of the wavelet power at that scale and use the ratios of different scales to classify the sources. For our data, we have four wavelet scales (plus one low-resolution residual scale which is not used) and therefore we can calculate six wavelet ratios (not all independent) as
where Ci denotes the wavelet coefficient at the pixel closest to the source position at one of the four wavelet scales available to us. For each of the XMM/SDSS fields we used a combination of NED associations and eyeballing to classify the sources found as either point-like, extended, unknown or artifacts. When the various combinations of ratios were plotted against each other it was found that there was differentiation between these classifications, such (Hashimoto et al. 2002) . The size of the ellipses reflects the detected size of each object, showing that these high-redshift clusters are resolved in this XMM data. The clusters are classified as extended using our wavelet-ratio test, while the remaining objects in the image are all classified as point-like. For illustrative purposes we have shown the EPN image data, but the source detection/parametrization was carried out in EMOS1, consistent with the other work presented herein.
that empirical cuts could be made to separate extended and pointlike sources. We use these ratios as a crude extent classification, and extended sources can be efficiently separated from point-like sources using the following selection criteria:
For each of these four criteria, we award each source a score of one, so sources can have scores ranging from zero to four on this scale. To confirm that these cuts were reasonable we calculated the histogram of extent scores found using them. The distribution for sources classified as point-like showed that 90% had extent scores of 0 or 1, and similarly 90% of the extended sources had scores of 3 or 4. For the remainder of this paper, we use these scores as our classification of whether a source is extended or not. In Figure 5 we present the size (as the number of pixels enclosed by the source ellipse) of all detected sources as a function of off-axis distance. This demonstrates that there are two distinct populations of sources, regardless of off-axis distance, and that our extent classification can successfully separate them.
To demonstrate the effectiveness of the method, we show in Figure 6 a 39 ksec XMM pointing (not in the SDSS DR1 area) toward three previously-known high-redshift clusters, all three of which were classified as extended by our algorithm. Of the 740 (θ < 11 arcminute) sources mentioned in Section 2.2, 112 (≃ 15%) have extent scores 3. These 112 include duplicate detections and sources falling in regions of the XMM field-of-view not covered by SDSS DR1. We discuss the 99 unique extended sources with SDSS DR1 coverage in Section 4.
We have tested the robustness of our extent algorithm using 59 duplicate detections. These sources lie in regions that overlap between different XMM pointings. We found that the source classifications agreed in 53 cases (90%). For the 6 sources that disagreed, 5 of them are extremely bright point sources, with count rates exceeding 1 count per second. In these cases, the detailed structure of the PSF is detected and the source appears extended rather than a point source. If we exclude very bright sources, the classifications agreed 98% of the time.
We note that, subsequent to the work presented herein, we have developed more sophisticated detection and classification algorithms. We now use a modified version of WAVDETECT (Freeman et al. 2002) , rather than MR/1, to perform the wavelet transforms. WAVDETECT has the advantage that we can use exposure map information, something that is vital for the analysis of merged (EMOS1+EMOS2+EPN) 
OPTICAL IDENTIFICATIONS USING SDSS
We have extracted from the SDSS DR1 website 5 all data available within a radius of 25 arcminutes around each of the 42 XMM pointing centers listed in Table 1 . Eleven of the 42 have only partial SDSS coverage, as described in the table comments. As Xray point sources (e.g. stars and quasars) tend also to be optical point sources, we have made use of the SDSS PHOTO flag objtype for this study. This flag classifies optical sources as either point-like (objtype=6, e.g. star, quasar), or extended (objtype=3, e.g. galaxy) and works well to r = 20.5. At fainter magnitudes we have assumed everything is a galaxy (since galaxies dominate the faint-end number counts). When SDSS spectra are available, we can extract object redshifts and/or spectroscopic classifications (spec class). Even when spectra are not available, we can still make use of the results from the SDSS spectroscopic target algorithms. These algorithms were designed to select particular types of sources from the SDSS multi-color photometry for spectroscopic follow-up. Many more targets are selected than can be allocated optical fibres, e.g. there are 16998 official SDSS quasar targets in our study region alone.
In addition to the official SDSS target information, we use an extra quasar classification flag (QSOcol) based on the colourcolour diagrams of Richards et al. (2001; see Figure 4 in their paper). From these diagrams, it is clear that quasars predominately inhabit a volume of colour-colour space as defined by: −0.2 < u − g < 0.7, −0.2 < g − r < 0.6, −0.2 < r − i < 0.6, and −0.2 < i − z < 0.5. Therefore, if an SDSS object satisfies these colour cuts, we flag it as QSOcol= 1. Overall, 7443 objects were flagged in this way, of which only 1550 were already amongst the 16998 official SDSS quasar targets. We use these QSOcol=1 objects in Sections 3.1 & 4.1.
5 See http://www.sdss.org/dr1/ 
Positional accuracy
We have used the SDSS to derive the matching radius appropriate for the optical follow-up of XCS sources. It is important that this radius be as small as possible to cut down on erroneous matches. To do this, we have made use of the fact that optical quasars should have a point-like X-ray counterpart. We have compared XCS point sources (i.e. those with an extent score of 1) that match, within an initial search radius of 10 arcseconds, to a single SDSS pointlike object (i.e. objtype=6). Further, this single SDSS object must have been spectroscopically classified by the SDSS as a quasar, or be one of the 16998 official quasar candidate targets.
We find a total of 182 matches (no off-axis distance limit). These matches give an RMS of 3.8 arcseconds for the total separation between the X-ray and optical centroid. We also find an RMS of δRA = 2.8 arcseconds for the difference in Right Ascension and an RMS of δDEC = 2.6 arcseconds for the difference in Declination for these matches. We show the scatter of δRA and δDEC with off-axis distance for these 182 matches in Figure 7 , and the rms values in Table 2 . We see an increase in the scatter toward higher off-axis distances, which is to be expected due to the increase in size of the XMM point-spread function with off-axis distance. In the following, we therefore limit ourselves to the 103 matches at off-axis distances less than θ = 11 arcminutes.
In Figure 8 , we present the distribution of absolute separations between the optical and X-ray coordinates for 103 SDSS quasars. If the errors in the RA and DEC are Gaussian distributions of equal variance about zero, and the background sources negligible, the separations should follow a χ 2 2 distribution, whose variance equals its mean. However, those assumptions do not appear to be valid, so we instead fit individual Gaussians to the observed δRA and δDEC distributions for our 103 quasar candidates. We find means of -0.4 and -0.6 arcseconds respectively, with dispersions of 1.9 and 1.4 arcseconds. The distribution of separations is slightly elongated in the RA direction, as can be seen in Figure 9 . The non-zero mean values indicate that there is a systematic pointing offset, i.e. errors in the boresight of each pointing, thus introducing a systematic error in the coordinates of all sources in that pointing.
Furthermore, we note that the background sources are beginning to dominate the source counts as we approach 10 arcsecond separation. Therefore, we refined our analysis by including a linear function in our fit to the distribution of separations to account for the background contamination, i.e. we fit a Gaussian plus a linear function. The best-fit for the Gaussian part now has a mean of 1.8 arcseconds and dispersion of 1.2 arcseconds. Note that it is the mean which estimates the typical positional error, while the dispersion carries information about the width of the distribution. We assume that matches within the 90% confidence range of the Gaussian part are likely to be true matches, obtaining a matching radius of 1.8 + 1.65 × 1.2 = 3.8 arcseconds.
As a check of our determination of the matching radius, we split the sample of 103 quasar candidates into bright and faint subsamples, with a dividing flux of 1.2×10
14 erg s −1 cm −1 . We found that each subsample gave the same 90% matching radius of 3.8 arcseconds using the prescription above. We also checked duplicate (Section 2.3) X-ray sources and found the mean separation between these sources to be consistent with this matching radius. Furthermore, if we include a further 123 QSOcol sources (see above for definition) in our analysis, our matching radius does not change. The size of the XCS matching radius will be dominated by the positional errors in the X-ray data, as the absolute astrometric calibration of the SDSS is accurate to less than 0.1 arcseconds (Pier et al. 2003) for point sources. Our matching radius of 3.8 arcseconds is similar to the 5 arcseconds suggested by Watson et al. (2002) , but is somewhat larger than that found by Altieri (2002) . Altieri used matches with the USNO catalogue to estimate individual XMM pointing offsets. He found a systematic pointing offset of ≃ 0.3 arcseconds, with a mean offset of one arcsecond. Therefore, our 3.8 arcseconds matching radius likely includes two contributions, an error from the centroiding of the sources and a systematic pointing offset.
Optical overdensity
While the XCS is a serendipitous X-ray survey, with clusters to be discovered initially in XMM data, many such clusters will also be detectable in the optical as an overdensity in the projected galaxy distribution. We have therefore calculated the overdensity of SDSS galaxies around each of the X-ray sources in our study region, by counting the number of galaxies within an aperture of radius 40 arcseconds centered on the centroid of the X-ray emission. This angular aperture was chosen to approximately equal the angular size of distant clusters that could be seen in the SDSS data; the typical core radius of a z = 0.35 cluster (200kpc) subtends an angle of 41 arcseconds on the sky. The area enclosed by this radius (≃ 200 pixels) is also in good agreement with the size of extended XCS sources ( Figure 5 ).
We make a local background correction using the observed galaxy count within an annulus centered on the X-ray source with an inner radius of 80 arcseconds and the outer radius equal to 100 arcseconds (scaled by the area). This annulus corresponds to a radius of approximately half the virial radius for a z = 0.35 cluster, and thus provides a local estimate of the projected galaxy density around each source. This annulus will be contaminated by cluster members, but this effect will be small.
For each source, we calculate two galaxy overdensities, once imposing a magnitude limit of r = 22.2 and once without a magnitude limit. The former is the completeness limit of the SDSS photometric survey (see A03), while the latter allows us to use the full dynamic range of the SDSS photometry. For example, by not imposing a magnitude limit we are effectively counting the number of galaxies detected in any of the 5 SDSS passbands, as PHOTO (the SDSS photometric analysis pipeline; Lupton et al. 2001 ) detects sources in all 5 passbands separately and reports upper limits, if necessary, in the other passbands if they are not detected. We stress again that for sources brighter than r = 20.5 we use the SDSS PHOTO objtype flag to identify galaxies, while below this limit, we simply call all objects galaxies. We also use any object spectroscopically confirmed to be a galaxy or listed as an official galaxy target. By using a local background correction, we guard against fluctuations both in the completeness of the SDSS photometric survey and in the star-galaxy separation at faint magnitudes.
To determine the statistical significance of any observed overdensity of galaxies around these X-ray sources, we construct the distribution of counts one would expect from random. This was achieved by placing the 40 arcsecond radius aperture on 10,000 randomly selected SDSS sources and making the same local background correction. We only consider SDSS sources from the XMM regions that have full SDSS coverage (see Table 1 ) and restrict our analysis to SDSS sources between 3 and 11 arcminutes from the centre of those pointings. We note that there are more than 10,000 SDSS sources that satisfy this criteria (mostly distant galaxies and faint stars) and their angular clustering is weak, less than 1% angular fluctuations within a 40 arcsecond aperture (Connolly et al. 2002) , especially for the no-magnitude count distribution. We show the two count distributions in Figure 10 . As expected the distribution for the no magnitude limit case distribution is broader. The distributions are well fit by a Gaussian with a mean and dispersion of −0.11 and 3.39 respectively for the no magnitude limit case and −0.074 and 2.86 for the r = 22.2 limited case. We re-fit the Gaussian using only the count data between -5 and 5, but found consistent means and sigmas. We tried other methods for constructing the count distributions, e.g. randomly placing the apertures within the SDSS area, and found the results to be consistent.
We have used the distributions presented in Figure 10 to define a threshold above which an observed SDSS overdensity is considered to be statistically significant. By design, such overdensities are ideal candidates for clusters of galaxies. To define this threshold, we have used the False Discovery Rate (FDR) statistical methodology as outlined in detail by Miller et al. (2001) and Hopkins et al. (2003) . It has been applied to SDSS cluster selection in Miller et al. (2004) . Briefly, FDR controls the ratio of the number of false detections over the total number of detections, and therefore is a more scientifically-meaningful quantity than selecting a fixed threshold based on a multiple of sigma, e.g. using a 3-sigma threshold. FDR is adaptive in that it changes based on the number of tests performed, while a standard sigma-based threshold is not adaptive and thus leads to many more false detections as the number of tests grows large. In summary, FDR is ideal for our problem, especially as it naturally accommodates correlated data which is the case here (see Miller et al. 2001) .
The key parameter of FDR is α, the ratio of false to true detections one is willing to tolerate. Here, we have selected α to be 0.25, i.e. we will allow up to 25% of our selected overdensities to be potentially false. Computationally, FDR is simple to implement and involves determining the probability that the observed SDSS count around each of our X-ray sources is drawn from the count distributions in Figure 10 . These probabilities are then ranked and a threshold calculated using the methodology given in Miller et (2001) . This was performed separately for both distributions featured in Figure 10 . Using α = 0.25 we selected 39 candidate overdensities from each distributions, i.e. in both cases 39 of the 690 X-ray sources were assessed to lie in statistically-significant galaxy overdensities. There is significant overlap between the two lists, with 30 candidates in common giving 48 candidates in total. We discuss these 48 galaxy overdensities further in Section 4. For reference, the calculated FDR thresholds corresponds to a threshold of 2.20 sigma (an overdensity above 7.3) for the no magnitude limit distribution and 2.24 sigma (above 6.3) for the r < 22.2 count distribution.
Photometric redshifts
When SDSS data are available for a particular XCS cluster candidate, it may be possible to determine the cluster redshift without the need for additional dedicated spectroscopic follow-up. We have investigated how well we can recover the spectroscopic redshift for the z > 0.1 clusters using photometric redshifts. Photometric redshift estimates are available for all galaxies in the SDSS DR1 (see Csabai et al. 2003; Budavári et al. 2003) . Briefly, the SDSS DR1 database contains an estimate of both the redshift and spectral type (t), with errors, for each galaxy. For each zspec > 0.1 cluster identified, we extracted these data from the DR1 in an aperture of radius 40 arcseconds (i.e. the same as was used for the optical overdensity measurements) centered on the X-ray centroid. We then excluded any galaxies with z photo < 0.05, with a photometric redshift error of greater than the measured photometric redshift, or with a photometric spectral classification of t 0. This last criterion ensures we are only considering "elliptical-like" galaxies which are likely to be cluster members (see Budavári et al. 2003 for a discussion of the t parameter). We then fit the distribution of these remaining photometric redshifts with a Gaussian plus a constant (e.g. Figure 11 ) to accommodate outliers in redshift (mostly at redshifts greater than the cluster). Alternative approaches would be to use the E/S0 ridgeline (e.g. Gal et al. 2000; Gladders & Yee 2000) or a matched filter technique. The latter technique has recently been applied to SDSS data by Schuecker et al. (2004) . Based on 60 clusters detected using a joint RASS/SDSS search, they found an average redshift offset of σz = 0.03, or 20% at their typical survey redshift (z ≃ 0.15).
MATCHED SOURCES AND CLUSTER CANDIDATES
We now return to X-ray source identifications using SDSS data. We concentrate on XCS sources detected in one or more of the 42 pointings listed in Table 1 at off-axis distances of θ < 11 arcminutes. We detected 740 such sources, 690 of which also overlap with the SDSS DR1. Of these, 53 are duplicate detections, leaving 637 unique sources. Amongst these 637, 520 are point-like (extent score 1) and 99 are extended (extent score 3). The remaining 18 have an ambiguous classification (extent score = 2); henceforth we will include them under the description 'point-like'.
Source classification
In Table 3 we present the results of matching the 637 XMM sources with the SDSS DR1 data, using a matching radius of 3.8 arcseconds (Section 3.1) centered on the X-ray centroid. We also present the results of our search for galaxy densities (Section 3.2). To understand the SDSS-XMM match-ups, we use the following four binary criteria (0=no, 1=yes) when classifying all the XMM sources:
• Is the X-ray source extended (extent 3)?
• Is there at least one SDSS point source (objtype= 6) present within the 3.8 matching radius?
• Is there a significant overdensity of SDSS galaxies?
• Are there two SDSS sources within the 3.8 arcsecond matching radius? For this test, we include all SDSS objects i.e. also galaxies (objtype= 3).
Each source has a 4-bit identification, e.g. 0011, 1010 etc., providing sixteen possible combinations. The ordering of the bits is as given in the list above. The breakdown of classifications for all 637 unique XMM sources in given in Table 3 .
We find 214 point-like X-ray sources that match at least one point-like SDSS source (0100 + 0101): 55 of these SDSS pointlike matches are stars, 159 are quasars. Therefore, we have been able to provide immediate identifications for 34% of all sources and can eliminate them from a cluster candidate list without any need for dedicated optical follow-up. We provide no further discussion herein of these 214 sources, beyond noting that such merged XMM/SDSS point-source catalogues will be a powerful resource for AGN/quasar science.
We find 299 (47% of the total) point-like X-ray sources that have no point-like SDSS counterpart (0000 + 0001). For these, we cannot make an immediate classification based on SDSS data alone. Most of them will be optically-faint stars or active galaxies/quasars and are not of an immediate relevance to the XCS science goals. However, we note the three 0001 cases, where an X-ray point source lies within 3.8 arcseconds of two SDSS galaxies. For these, we may be seeing a few brightest cluster galaxies and further optical follow-up is merited. By contrast, we do not plan to pursue dedicated optical follow-up of the 296 objects with the 0000 flag. A small fraction of them may be clusters or groups. However, they have neither been flagged as galaxy overdensities in the SDSS or as extended by our X-ray pipeline. The XCS extent algorithm works even at high redshifts (see Figure 6 ), but only given a high enough signal-to-noise. To simplify the XCS selection function, we are adopting a conservative signal-to-noise threshold (see Romer et al. 2001) . Any clusters in the 0000 category must be low signal-tonoise detections and would not be suitable for inclusion in the XCS cluster catalogue.
More interesting to the XCS are the 70 extended X-ray sources (category 1000) that have no SDSS counterpart (point-like or galaxy). Of these 70, 44 have the highest possible extent score (4). These are excellent distant cluster candidates, with galaxy populations too faint to be detected in the SDSS. These are our top-priority targets for dedicated optical follow-up. An additional 13 extended sources are not associated with a galaxy overdensity, but match to at least one SDSS point source (1101+1100). These require optical follow-up; optical spectroscopy of the SDSS point sources would demonstrate if they are likely X-ray emitters (e.g. emission line galaxies). The 1101 + 1100 objects might also merit X-ray follow- up using Chandra. Chandra has better spatial resolution than XMM and would elucidate any cases where multiple point sources have been blended together by XMM to mimic an extended source, or where genuine extended cluster emission is contaminated by pointsource emission. Therefore, even though the SDSS cannot provide a definitive source identification in these cases, we can use it to highlight objects that might be contaminating our cluster candidate list and adjust our follow-up strategy accordingly. The remaining classes of X-ray sources (1010, 0010, 0110, 0011) all have an associated SDSS galaxy overdensity, 41 in total. Based on our FDR threshold selection, we expect 75% of these to be clusters, i.e. true physical associations of galaxies. Such clusters may or may not be detected as extended sources by XMM, depending on their redshift and mass and on the sensitivity of the particular XMM pointing they fall in. We discuss these 41 objects further in Sections 4.2 and 4.3.
Known clusters
We have detected 14 previously-catalogued clusters as XCS sources. Three are serendipitous rediscoveries, the rest were the intended target of their respective XMM pointing. All clusters were detected as extended (extent score of 4), 10 were also flagged as being associated with SDSS galaxy enhancements. The clusters are listed in Table 4 , together with information about the extent score, source size, off-axis distance, count rate, flux, galaxy overdensity and redshift. We note that RX J0256.5+0006 (Obs ID 0056020301) and Abell 2670 (Obs ID 0108460301) are listed twice, because in both cases our software has detected an extended subcomponent to the main cluster. The RX J0256.5+0006 subclump has been noted during an earlier analysis of the XMM image (Majerowicz et al. 2004) . We further note that Abell 85, despite being the pointing target, was detected at a significant off-axis distance. Abell 85 is so large, compared to the adopted wavelet kernels, that our source detection software has only recovered part of the total flux from this system.
The XCS is a serendipitous survey. Therefore, unless known clusters are genuine serendipitous redetections, they will be excluded from the XCS cluster catalogue used for cosmological studies. However, our examination of these 14 known clusters has demonstrated several important features of the XCS software pipeline; it can detect clusters out to z = 0.782 (MS1137.5+6625) as extended objects, it can cope with situations where there is cluster substructure (RX J0256.5+0006 and Abell 2670) or where there are bright point sources nearby (MS1137.5+6625), and it works even far off-axis (VMF98-021 and SDSS CE J010.717058 were both detected at θ > 10 arcminutes). We note that cluster VMF98-173 (z = 0.112, Mullis et al. 2003) was also detected, with an extent score of 4, at an off-axis distance θ > 11 arcminutes in pointing 0060370101. In summary, our XMM source detection algorithm has recovered all previously-known distant X-ray clusters within our surveyed area, and all with an extent score of 4.
We have also been able to demonstrate the potential of the SDSS archive to provide galaxy data for medium-redshift clusters. Ten of the 14 clusters (0.044 < z < 0.782) were associated, by our FDR methodology, with SDSS galaxy enhancements. The SDSS is not expected to be of particular use for high-redshift cluster follow-up (z > 0.5, Schuecker et al. 2004 ), but occasionally we will pick up rich systems as galaxy enhancements. For example, MS1137.5+6625, a very bright EMSS cluster (Gioia et al. 1990 ) at z = 0.782, was detected as an overdensity of galaxies in the SDSS. In the no magnitude limit search, 7.8 (backgroundcorrected) galaxies were found within the 40 arcsecond aperture (a 2.3 sigma excess). However, in general we will not be able to rely on SDSS data as the primary resource for cluster selection. Rather we will use X-ray extent to separate clusters from the general X-ray source population.
We have used the SDSS data to determine photometric redshifts for the clusters with z > 0.1, with the mean and sigma of the fitted Gaussian presented in Table 4 . Acceptable fits were found for all except the highest-redshift cluster (MS1137.5, zspec = 0.782). Overall, all our photometric redshifts are in good agreement with the spectroscopic redshifts and, except in the case of VMF98-116, they are within the quoted one-sigma errors on the photometric cluster redshift. For VMF98-116, the photometric redshift is within two-sigma of the published spectroscopic redshift . We note that one galaxy in the 40 arcsecond aperture around VMF98-116 has a measured SDSS spectroscopic redshift of zspec = 0.412, i.e. very close to the published cluster redshift (the SDSS photometric redshift of this particular galaxy is z photo = 0.43). The photometric redshift histogram of VMF98-116 is bimodal with a secondary peak at z photo ≃ 0.42, suggesting this cluster is undergoing a merger. We also highlight the case of RXJ0256. This cluster is known to be undergoing a merging event (Majerowicz et al. 2004 ). The photometric redshift histogram (Figure 11) is broad and has two secondary peaks. The average offset between the photometric and spectroscopic redshifts for the eight clusters is 6.4%. Excluding RXJ0256 and VMF98-116, with offsets of 11% and 12% respectively, reduces the average offset to 4.7%. We note that in all but one case, Abell 1689, the photometric redshift was lower than the spectroscopic redshift, suggesting a systematic bias in the technique.
X-ray properties of SDSS galaxy overdensities
Of the 41 X-ray sources statistically associated with SDSS galaxy overdensities, 16 are also classified as extended (category 1010 in Table 3 ). These are very likely to be true X-ray clusters, although we would not expect them to be at particularly high redshifts given the magnitude limit of the SDSS. The remaining 25 overdensities are associated with X-ray point sources; 15 in category 0010, 8 in category 0110 and 2 in category 0011. We re-emphasize that we expect 25% (roughly 10) of the 41 FDR flagged overdensities to be false discoveries. Without further follow-up we cannot determine which overdensities are false; however it is fair to speculate that those in category 0110 (X-ray point source, SDSS point source match) are more likely to be false than those in category 1010 (extended emission, no SDSS point source match). Of the 16 category 1010 sources, 11 are redetections of 10 known clusters; 7 target clusters (one resolved into two known components) and 3 serendipitous detections (see Section 4.2 and Table 4 ). These were all detected with an extent score of 4. The remaining 5 sources in the 1010 category are prime cluster candidates, two with an extent score of 4 and three with an extent score of 3. Using the methodology outlined in Section 3.3, we have determined z photo estimates for these candidates to be 0.32 ± 0.01, 0.46 ± 0.03, 0.35 ± 0.04, 0.27 ± 0.03 and 0.45 ± 0.03 respectively. For one of them (at 11h 50m 11.40s 01d 38m 45.2s J2000), there is also a single SDSS galaxy spectroscopic redshift available, zspec = 0.451. We plan to make follow-up observations of these five cluster candidates to secure identifications and measure spectroscopic redshifts.
We now turn to the 25 overdensities associated with X-ray point sources. Clusters of galaxies should be detected as extended sources by XMM, so the nature of these 25 sources is intriguing. Some or all of these sources could be low signal-to-noise detections of clusters, for which the extent classification is unreliable. We will re-examine these objects in the merged (EMOS1+EMOS2+EPN) images (Section 2.1) and using the new extent algorithm (Section 2.3). However, as mentioned above, approximately 10 of the overdensities will be false discoveries. In fact, there are 8 sources (category 0110) that have been matched to an SDSS point source. In these cases the SDSS object, rather than a cluster, is likely to be the source of the X-ray emission (see above for the discussion of the 214 category 0100 + 0101 sources). In another 9 cases, an SDSS galaxy was found within the 3.8 arcsecond matching radius (7 sources in the 0010 category and both in the 0011 category). These 9 could be cases where there is a genuine physical association of galaxies, but where the X-ray emission is coming predominantly from an active galaxy (rather than from an extended intracluster medium).
DISCUSSION
In this paper we have presented preliminary results from the XMM Cluster Survey [XCS, Romer et al. (2001) ], restricting our analysis to those areas covered by the first data release of the SDSS. Our principal goal has been to investigate the extent to which SDSS data can assist with the massive follow-up program required to compile a galaxy cluster catalogue. In this pilot study we have explored 1121 X-ray sources identified in 42 pointings from the XMM data archive. The log N -log S relation indicates a survey completeness down to a flux limit around 1 × 10 −14 erg s −1 cm −2 . By using only the central 11 arcminutes of the XMM frames, and removing duplicate sources from overlapping pointings, we have reduced this to a set of 637 unique sources, of which 99 are identified as extended (extent score 3) by our wavelet algorithm. We expect that all clusters detected at sufficient signal-to-noise, including those at high redshift, will be resolved by the XMM instrument. We have demonstrated this by redetecting as extended two previouslycatalogued clusters at z = 1.27.
We have used SDSS quasars to determine a 3.8 arcsecond matching radius that is appropriate for XMM follow-up. We have also used the False Discovery Rate (FDR) methodology to find SDSS galaxy overdensities within a radius of 40 arcseconds of the X-ray sources.
Sixteen sources are identified both as extended in the X-rays and coincident with an SDSS galaxy overdensity, and are therefore very strong nearby cluster candidates. In fact 11 of them correspond to known clusters (mainly the targets of the XMM pointings), including a distant cluster at z = 0.78. The remaining 5 are new cluster candidates with photometric redshifts in the range of 0.25 < z photo < 0.5. We have determined photometric redshifts for these 16 sources using the galaxy photometric redshift information in the SDSS archive. The offset between the measured and estimated redshifts is ≃ 6% overall, but is significantly larger (≃ 11%) for merging systems. This demonstrates that additional (to SDSS) spectroscopic follow-up will be necessary before we can accurately model the XCS survey selection function. This requirement applies also to other cluster surveys (X-ray and Sunyaev-Zel'dovich) that require redshift data before cosmological parameters can be estimated.
We find that only relatively nearby clusters, most of which are known already, are detected by both indicators. The best candidates for distant clusters are the 83 sources detected as extended X-ray sources but with no corresponding SDSS overdensity, as the SDSS selection function falls off rapidly beyond z ∼ 0.5 (Schuecker et al. 2004 ). In particular, 70 of these sources have no SDSS counterpart at all; the majority (44) were assigned the highest possible extent score. The remaining 13 are coincident with an SDSS point source, and may be clusters but possibly with some contamination.
There are 25 sources which are point-like in the X-rays but which are coincident with SDSS overdensities. Some will be accidental superpositions, but the level of these is controlled by the False Discovery Rate and the majority (75%) will be real. The precise nature of these sources is unclear; some could be clusters where an embedded, or projected, point source is dominating the X-ray emission.
The remaining sources are point-like in the X-ray, and either have no SDSS match at all or match an SDSS point source. These sources are unlikely to be clusters and are low priority for follow-up as XCS clusters. We note however that we have a sizeable sample of SDSS point sources matched to X-ray point sources; most of these are likely to be AGN/quasars and represent a powerful resource for studying that population.
In summary, use of the SDSS does not replace the need for follow-up of XCS cluster candidates, but can play a significant role in optimizing the follow-up strategy. The simplest strategy would be to focus only on extended X-ray sources, in which case the SDSS can split the sample into nearby clusters detected as SDSS overdensities, distant cluster candidates which may have point source contamination, and distant cluster candidates with no associated point source. Additionally, the SDSS can provide some further candidates (25 in our case) where point-like X-ray sources are found to be coincident with galaxy overdensities.
Finally, we note that the recent second data release from the SDSS (Abazajian et al. 2004) , plus the ongoing growth of the XMM data archive, has led to a multiplication in overlap area by a factor of nearly four as compared to the area studied in this paper. We will analyze this increased overlap area in future work.
